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Abstract  
The characterization of hydro-mechanical response of the discrete fracture network due 
to the fluid injection is the actual target of different research fields. For the development 
of geothermal resources, the advance in this knowledge will make possible an 
advantageous connection between downhole perforations, increasing the flow recovered 
from cold water injection. 
The objective of this thesis is to analyze the fluid path in a discrete fracture network 
after the fluid injection through a borehole and the its derived processes. Another target 
for the present study is to characterize the shear displacement due to the injection. Its 
importance relies in the possibility of achieve permanent permeability in the discrete 
fracture network. In order to get an answer to these questions, the Universal Distinct 
Element Code (UDEC), which has a distinct element scheme incorporated, has been a 
useful tool.  
First results provide a coupled behavior between the pore pressure development in 
joints and the injected flow rates, implying that a rise of 66% in the flow rate causes a 
34% increase of pore pressure. 
Hydraulic stimulation of 50 milliseconds could be done. As a result is observed that the 
fluid path follows primary the main joints. On the other hand, the fluid has facility to 
follow the secondary family of joints that are nearly parallel to the direction of the 
maximal principal stress direction.   
Finally the apertures are majorly registered in the secondary family of joints. A minor 
angle to the secondary family of joints respect the maxim horizontal field causes this 
family of joints to have a lower normal stress compared to the principal family of joints, 
and this propitiates an favorable opening of the joints of this family 
As well known, the main risk for the hydraulic stimulation is to induce seismic activity. 
The last section of the results provides an explanation to this phenomenon normally 
receiving the focus of the media. 
As conclusion, this work presents the significant impact of the in situ stress field to the 
pore pressure development in joints following the maximal stress direction as well as 
the number and type of joints that intersect the borehole 
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Resumen 
La modelización numérica de la respuesta hidro-mecánica de las redes de fracturas a 
una inyección de fluido a alta presión es hoy en día uno de los principales objetivos de 
diferentes campos de investigación de recursos energéticos. En el campo de la energía 
geotérmica, el buen conocimiento de la respuesta favorecería a una conexión más 
provechosa de los pozos de inyección y recuperación de agua. 
El objetivo principal de este proyecto es analizar la vía que preferentemente toma el 
fluido dentro de una red de fracturas. Otro objetivo es el de evaluar los desplazamientos 
de cizalla. La importancia de este resultado reside en que es este tipo de deslizamiento 
el que acaba generando una permeabilidad permanente en el sistema de fracturas. Con el 
fin de encontrar respuesta a estas incógnitas, ha sido necesario el Código Universal de 
Elementos Discretos (UDEC). 
Los primeros resultados presentados muestran el comportamiento acoplado que tiene la 
presión de poros con el caudal de agua inyectada, del cual se desprende que una 
variación del 66% en el caudal provoca hasta un aumento del 34% en la presión de 
poros.  
Se ha podido llevar a cabo un estimulación hidráulica de hasta 50 ms. Como resultado 
se observa que el fluido sigue la familia principal de juntas, pero bien es cierto que 
debido al campo de tensiones in situ planteado, las condiciones son favorables a que el 
fluido circule por la familia secundaria de juntas. 
Finalmente, las aperturas se han registrado de forma mayoritaria en la familia 
secundaria de juntas. Un menor ángulo de inclinación respecto a la tensión mayor 
principal, hace que esta familia de juntas tenga unos valores bajos de tensión normal y 
esto favorece a la apertura de juntas de esta familia.   
El principal riesgo de la estimulación hidráulica en roca es el de producir actividad 
sísmica. En la última sección de resultados de esta memoria se pretende dar explicación 
a este fenómeno acostumbrado a tener el foco mediático.  
Como conclusión, este trabajo también muestra el significativo impacto que tiene el 
campo local de tensiones en la apertura hidráulica de las juntas, siguiendo la dirección 
de mayor tensión principal. 
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Resum 
La caracterització de la resposta hidro-mecànica d’un reservori de roca a la injecció de 
fluid es l’actual camp d’investigació de diferents disciplines energètiques. Per el que fa 
al desenvolupament de la energia geotèrmica, el profund coneixement de la resposta, 
farà possible una connexió més profitosa entre els pous d’injecció i el de recuperació. 
L’objectiu d’aquest treball, es conèixer amb certesa quin es el camí preferent que 
recorre el fluid un cop es injectat i quins son els processos geomecànics que se’n 
deriven. Especial atenció mereix el coneixement del lliscament de cisalla degut a que es 
aquest desplaçament el que genera permeabilitat efectiva al reservori. Per trobar 
resposta a aquestes incògnites, el Codi Universal per Elements Discrets (UDEC) ha 
estat de valuosa importància. 
Els primers resultats indican un comportament acoblat entre el cabal injectat i la pressió 
de porus en el qual un augment del 66% del cabal implica un 34% d’augment en la 
pressió de porus de les discontinuïtats.  
Amb UDEC, s’ha pogut dur a terme una estimulació hidràulica de fins a 50 ms. Com a 
observació es pot dir que en primera instancia el fluid recorre la família principal de 
juntes, però també te facilitat per fluir a través de la família secundaria de juntes. 
Finalment, les apertures s’han registrat mes favorablement a la família secundaria de 
discontinuïtats. Un menor angle d’aquesta família de juntes respecte la component 
major principal tensions, fa que aquesta família tingui una menor tensió normal al pla de 
cisalla en comparació amb la família principal de tensions i això propicia que s’obrin 
amb més facilitat.  
Com be es sabut, el principal risc que comporta la pràctica de l’estimulació hidràulica es 
la d’induir sismicitat. El darrer apartat de la secció de resultats dona llum a aquest 
fenomen acostumat a rebre l’atenció dels mitjans de comunicació. 
Com a conclusió principal aquest treball presenta el significatiu impacte del camp de 
tensió in situ al desenvolupament de la pressió de porus a través de les juntes. En el 
marge de temps estimulat, ho fa principal marcat per la component major de tensions 
principals així com per la geometria de fractures més propera al pou d’injecció.  
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1. Introduction 
 
1.1 General Introduction 
Enhancing the fractures system of rock reservoirs through hydraulic stimulation 
comprises the injection of a sufficient a fluid pressure to develop and open those natural 
joints that define the geometry of the reservoir. The difficulty in the application of this 
method lays on the control of the pore pressure applied and the response of the 
reservoir. The interest is focused in reduce this risk as well in to control the 
microseismicity that could be occasioned by the fluid injection. 
This work is based on the previous study done by Müller, (2009) for the hydraulic 
stimulation of a potential geothermal reservoir. Values for the reservoir characterization 
of the geometry and parameters for the Barton and Bandis joint constitutive model are 
taken from its field measurements and laboratory tests.  In the same way, its job 
followed the line of study of Blum et al., (2005), and Jackson, et al., (2000). Some of 
them take part in the Soultz-sous-Forêts (France) reservoir where numerous studies had 
taken part. Also in this emplacement, and giving a general overview of EGS (Enhanced 
Geothermal Systems) fracture dynamics, an interesting job is done by Jung, (2013). He 
also analyzes the viability and probability of success of the research field in the future. 
1.2 Literature Review 
Handling the issue of the blocks overlap, and in perspective of fixed boundaries needed, 
the articles by Izadi, (2013) and Riahi, (2013) are of interest. The first of them, using 
FLAC3D software by Itasca, proposes geometry with a symmetry line intersecting the 
borehole where the displacements across this line are fixed. The study of the second of 
them is done with UDEC 5.0 and is carried out during a long hydraulic stimulation time. 
As done by Blum previously, Riahi introduces an initial aperture for joints. 
For the study and prediction of model response, Kohl & Mégel, (2007), has been used 
in order to understand the coupled behavior between pore pressure and flow rate 
injected. Furthermore it’s been also considered the relation of the fluid injection with 
the seismic events and this paper reflects a correlation between the location of the 
maximum shear displacements and the seismic cloud. 
 2 
 
To describe the behavior of the joints, apart from the volumes of Itasca, it’s been worthy 
to review a recent article written by Nagel, (2013), where among its job describes the 
conditions for shear fracture to occur.  
At the end of the results acquired and  in order to relate the data obtained to the induced 
seismicity problem, Dinske et al., (2010), Shapiro et al., (2006) & Sasaki, (1998) are 
taken into account. 
In order to put the results in a context with stimulations in real sites  
1.3 Objectives 
The main objective of this thesis is to study the model response to fluid flow injection 
through borehole. The preferential path of the fluid once is injected is part of this work 
as well as the mechanisms that control the pore pressure development through the 
joints.  
With the aim terms to reproduce the geometry of the reservoir there are two 
possibilities: on one hand the deterministic fracture systems, where each of the fractures 
is defined specifically and every further state depends on the previous. On the other, the 
stochastic form, which comes together with statistically founded parameters. 
 The stochastically method is used in places with little information obtained through 
logs (Kohl & Mégel 2007). But this is not the only context where can be used. This 
statistically found parameters are used in different kind of geological engineer problem, 
like the shape prediction of meandering rivers.  
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2. Materials and methods 
2.1 Site description 
The potential site performed in this practice case is located at the north of the German 
city of Kassel and at the west side of Göttingen. This area is located in two different 
states, Hessen and Niedersachsen. The typical landscape of the region is thick forests 
like the Reinhardswald. Through this forest upraises the type of rock that forms the 
reservoir: sandstones from the Solling formation belonging to the Triassic Middle 
Buntsandstein. It is characterized by flat-beeded sandstones with intercalations of 
claystone. 
 
Illustration 1 Geographic location of the potential geothermal site. Topographic map of Germany by Zonu (2015) 
 
The sandstone is a clastic sedimentary rock composed by particles of the size of sand. 
Most likely is composed by quartz and feldspar what makes this rock to have certain 
particular characteristics. As the name of the formation indicates, is red but in other 
medium could be found in colors such as yellow, white or light brown. 
This formation is a potential site for Enhanced Geothermal Systems (EGS) due to the 
anomalies in the temperature gradient (Haffen, S. et al., 2014). In this sense has a 
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common point respect to the Soultz-sous-Forêts (France) reservoir that has been widely 
stimulated in the last two decades. 
The geological context situates the potential site in the North German Basin. Previous 
studies point that during Permian age; thermal relaxation occurred and coincided with a 
phase of relatively slow thermal subsidence throughout the Triassic in the basin (Freien 
Universität Berlin, 2014) . 
The North German Basin is related to the Pull-Apart basin type. These kinds of basins 
have no extension or compression. Bodies defining the basin move through the 
discontinuity plane or fault and the sediments are deposited in those locations where the 
fault changes its direction. 
The area of the study is crossed by meandering river system as defined by Weber, J. et 
al., (2005). The river Weser is a product of the intersection of two other smaller rivers: 
the Fulda and the Werra.  
This rock formation allows the fluid flow through the joint or discontinuity planes and 
can present high values of porosity. All in all makes this area be a potential space to act 
as an aquifer and as a product, the Reinhardswald Basin shows a dependency of the 
fluvial architecture (Weber, J. et al., 2005) 
The studied potential site in North Germany has been described by Müller, (2009). The 
rock parameters used in the simulations has been extracted from his field and laboratory 
tasks. All of them are explicitly explained in the next section: 2.3.2.2 Constitutive 
Model 
The discrete fracture network of the site has been reproduced from field measurements 
in outcrops. As a result two families of discontinuities have been defined. One of them, 
the principal, has an orientation nearly North-South. On the other side, the secondary 
family has an orientation East-West. This family is called secondary due to the fact that 
is not always continuous when crosses a principal joint.  
This fracture network is constituted by joints that are oriented perpendicular to bedding 
plane (Müller, C. et al., 2010).  Furthermore, the bedding thickness affects the spacing 
in between the joints. 
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In the Illustration 2, the primary family of joints is colored in blue, and the secondary 
family of joints in orange. That means that the primary family of joints was firstly 
produced by the in situ stress conditions. 
 
  
 
 
 
 
 
 
 
 
  
Illustration 2 Field outcrop with the two families of joints defined (Müller, 2009) 
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2.2 Discrete fracture network characterization 
From measuring the orientation of numerous joints and its parameters (length, trace, 
space and gap), can be obtained the mean value and the respective deviation (EQ 1) of 
all the components in relation to the mean. This is the most accurate method to describe 
the nature of the discrete fracture network due to the variability of every joint.  
 = 1|	 − ̅|

	
 
 
(EQ 1) 
 
Furthermore, those parameters are useful together with UDEC in order to be able to 
make the discrete fracture network particular and different every time the file is 
executed.  
The Illustration 3 shows a differentiation between the deterministic and the stochastic 
fractures networks. The deterministic fracture network located at the left side. This is 
the result of explicitly defined positions and orientations (Kohl & Mégel 2007). 
On the model located at the right side of the illustration, the secondary family of joints 
has different values for orientation, trace and gap based on the mean values and its 
standard deviation. The quality of the result or the proximity to reality, in this kind of 
discrete fracture networks, depends closely to the field data acquired.   
 
 
Illustration 3 Sketch shows potential sites defined by deterministic and stochastic parameters. Modified from 
Odling et al. (1999). 
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2.3 Method 
2.3.1     Discrete Element Method 
The Distinct Element Method (DEM), firstly presented by Cundall (1971) is a particular 
method that operates with discrete elements and that and provides a time-dependent 
solution for the motion equations in its junctions (Nagel, 2013).  
All the application cases of them start with a main block that could be split in other 
smaller parts. The separations in between these features will be used as boundaries for 
explicit solution scheme (Itasca, 2014). Consequently the information of calculations 
will be transferred from block to block till the point that involves the whole model.  
This software works in two dimensions of the space but this company has developed 
another product capable to work in three dimensions. Its name is 3DEC. 
One of the main improvements of this lately version of the Universal Distinct Element 
Code (UDEC) is that incorporates multithreading. With it, the computer is able to work 
with more computational cores than before (normally one or two cores used depending 
on the computer). This optimizes the time especially for those cases with complex 
geometries and big amount of blocks. 
UDEC gives the user the opportunity to build the geometry with a script or inside the 
graphical interface: GIIC (Graphical Interface Itasca Codes). Typing commands into the 
Record or Console screen or throw the menu-driven mode. All the commands can be 
acceded throw the upside menu in a graphical interface. 
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2.3.2 Model set up 
2.3.2.1 Geometry 
 In order to build the geometry with UDEC, few aspects should be kept in mind. 
Depending on the size and complexity of the discrete fracture network, more 
computational cost will be required. So, the idea of modeling something really close to 
reality could be so long-time consuming (Müller, 2009). 
The first step in UDEC is to select the round of blocks and the edge. Those values 
prevent the program to create sharp corners in the blocks (Müller, 2009). As default 
option the rounding length is two times the edge (Itasca, 2014). 
Depending on the geometry of the model could be of interest to use higher values for 
the round of blocks than the one given by default because with small values, the model 
has a propensity to induce big contact overlaps (Itasca, 2014). 
During this work, 3 geometries have been used with the aim to make the simulation: 
a) Large Model 
b) Simple Model 
c) Alternative Model 
 
Due to the problems with the large model, reduced scale models have been built. In 
addition to the size reduction, the complexity of the fracture network was decreased. 
These next pages provide an accurate explanation of those aspects that have been taken 
into account for the building of the new geometries and those difficulties faced together 
with its solution.   
a) Large Model 
In this case the size of the network comprises an area of 50x50 meters with two families 
of joints and is surrounded by the far field (200x200 meters). This space distribution is 
called block in block model and is performed to minimize the impact of the fixed 
boundaries (Blum et al. 2005).  
In this case, and due to the size of the file, the model was exported to post processing 
image software. The geometry was saved as a data file and it has been imported into 
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UDEC. In the following section: Results and discussion, an explanation of the result of 
different attempts with Large Model geometry is given. 
The next step right after the execution of blocks is to implement the wellbore. Some 
valuable clarifications about this step are given in the Simple Model geometry 
explanation. 
Finally, the medium needs to be discretized. As given by Itasca, (2014): “Discretize is 
to transfer the model equations to the geometry and adapt it to its shape”. This is done 
with “gen edge” command, where the companion number indicates the maximum size, 
in meters, of the edge of the discrete elements zones. 
This Large Model built by Müller, (2009), had non-regular discretization along the 
model because the discrete fracture network require higher density of zoning on account 
of that is the sector with higher stress variability (Itasca, 2014). 
 
b)  Simple Model 
The geometry built consists in a square of 10x10 meters with two normal deterministic 
joints in position North-South and East-West respectively.  
This model has been built in order to polish and adapt the code to a new and simpler 
geometry. The main purpose was to identify the problem and afterwards implement the 
code in an advanced model. 
In the fractures intersection, a wellbore is implemented with the “tunnel” command 
where the central point of the shape is specified through Cartesian coordinates (5, 5) and 
the radius (0.2 meters). A number of sides should be specified in order to define the 
shape of the borehole. For the Simple and Alternative model, it has been done with an 
octagon.   
The implementation of the wellbore could be also done with command “arc“. The 
geometry resultant from using both scripts is the same. It is important to notice, that if 
the shape of the tunnel is not connected to the boundaries of the initial block, the tunnel 
will not appear in the model pattern (Itasca, 2014). Only when the shape is intersected 
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by cracks or joints of the rest of the model, the borehole will be visible at the model 
template. 
At this point, it is worthy to evaluate if the borehole is located in a good emplacement.  
If the geometry developed is complex, and in order to make a realistic simulation, an 
option is to relate the wellbore with at least one joint of each of the families. This could 
be done with “crack” command giving a starting and an ending coordinate.  
With the aim to reproduce the borehole it is necessary to delete the inside part of the 
block. That could be done with the “del range” command. Another option in order to 
delete the material of the inside could be assign the null constitutive model what 
actually means that there is no material in the specified range of space. 
At this point the blocks are completely defined so the user can proceed with a 
discretization. The main consideration that should be taken with the discretization is that 
the size of blocks must be larger than the discretized zones. This is in order to eliminate 
the possibility of a block to be floating in the inside part of discrete elements. The 
program needs to transfer the information from edge to edge of each block, and if a 
smaller block its floating that one could not be taken into account. 
For more detailed calculation steps a smaller edge length should be indicated. It will 
also require more computational time. The goal is to find the equilibrium between a 
coarse and thinner discretization. A good reference is to divide every edge of the blocks 
in between 5 to 10 smaller discretizing elements.  
 
c) Alternative Model 
In this alternative model two families of joints where performed. The first set of joints 
was introduced with the simple “joint set” command with an angle of 105 grades and a 
respective spacing between joints of 1,5		meters. This is done with this script for being 
able to control, with the insertion of an origin, that the main principal family of joints 
intersects the wellbore.  
jset angle 105 spacing 1.5 origin 6.3,0 
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On the other side, as known and explained by Müller, C. et al., (2010): “The geometry 
of the discrete fracture network is largely influenced by the lithological layering (e.g. 
relationship between joint spacing and bed thickness)” this fact is an input of 
uncertainties because the sandstones formations have large variability in beds 
thicknesses. 
 
 
Illustration 4 Joint Set description. Slightly modified from User's Guide (Itasca, 2014) 
 
The second family of joints was introduced, as explained before in section “2.2 Discrete 
fracture network characterization”, with statistically found parameters. Those are used 
because of the lack of information and the small data used is recovered from the study 
of logs (Kohl & Mégel, 2007).  
The decision to use the parameters by Müller, (2009) it’s been took in order to keep a 
simply geometry but little bit closer to reality. The command is written as follows: 
jset 16,10 0.39,0 0.1,0 0.54,0 0,0 
With this order the parameters are given as: degrees, spacing, gap, trace, origin and its 
respectively companion number separated by a colon indicates the deviation respect the 
mean value. 
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The E-W orientated joint family has a less consistent strike direction compared to the 
other joint family (N-S) so stochastic parameters where recovered from the files to 
stablish the second set of joint (Müller, 2009). 
The addition of a security zone or far field in the Alternative Model is explained with 
details in the boundary conditions section and discussed in the Appendix A 1. UDEC 
refers to this feature as Boundary Element Boundary (BE). 
For this model, the criterion of discretization is maintained: each side of a block divided 
in between 5-10 zones. For the far field, because of the bigger extension, the density of 
zones is decreased. 
 
 
 
 
  
 13 
 
2.3.2.2 Constitutive Model 
  With this stage of the process, the behavior of the reservoir is characterized. Through 
the constitutive model certain parameters are selected to describe the rock mass and the 
joints interaction. 
The next illustration shows the difficulties behind the entering of the constitutive model. 
 
 
Illustration 5 Difficulties faced during the implementation of the constitutive model.  Diagram by Guillem Miró 
based on (Itasca, 2014) 
  
The explicit dynamic solution is based in the motion equations that are used to rule the 
relative displacement between blocks (Itasca, 2014). 
As explained before, for the characterization of the material it’s been used the reservoir 
described by Müller, (2009), which emulates an emplacement in North Germany 
consisting in sandstone of the low Triassic Buntsandstein facie. Normally, the 
parameters such as density, bulk and shear modulus, joint normal stiffness…are 
extracted from laboratory tests or empirical correlations.  
UDEC permits the user to use more than one constitutive model in the same geometry 
of the problem. Because of that reason a range of space must be defined before giving 
the values of parameters itself (Itasca, 2014).  
The geometry used needs a constitutive model defined for the rock mass and another for 
the joints. Only one kind of material is assumed in this case, but this software can work 
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with several different materials in the same model if different materials and its 
constitutive model are defined. 
UDEC has the option to use the constitutive models summarized in the next table 
(Itasca, 2014): 
 
 
(a) Null model 
 
(b) Elastic 
 
(c) Transversely isotropic Elastic 
 
(d) Drucker-Prager Plasticity 
 
(e) Mohr-Coulomb Plasticity 
 
(f) Strain-hardening/softening Mohr-
Coulomb 
 
(g) Ubiquitous-joint 
 
(h) Bilinear strain-
hardening/softening ubiquitous 
joint 
 
(i) Double yield 
 
(j) Modified Cam-clay 
 
(k) Hoek-Brown plasticity 
 
      (l) Modified Hoek-Brown plasticity 
      (m) Cysoil (cap-yield) 
 
(n) chsoil 
 
 
For the mass rock the constitutive model is the Elastic (b). Is valid for those rock masses 
that are homogeneous, isotropic and those ones where we can consider that don’t have 
hysteresis (Itasca, 2014). 
The Stress-Strain behavior is linear and the parameters are: Bulk modulus (K), Shear 
modulus (G) and density.1 
                                                          
1
 It is recommended to use Bulk and Shear modulus instead of Module of Poisson because some 
computational time could be safe (Itasca, 2014). 
 15 
 
 
Those parameters could be found with:  
 
- Bulk modulus: Simple compression test 
 
- Shear modulus: Direct shear test, Triaxial test 
 
- Density: introduce a rock sample previously weighted in a test tube where we 
can observe the volume increased and stablish the relation Mass/Volume. 
 
 
For the joint characterization the following options are able (Itasca, 2014): 
 
1) Point contact- Coulomb slip; 
2) Joint area contact- Coulomb slip; 
3) Joint area contact- Coulomb slip with residual strength; 
4) Continuously yielding; 
5) Barton and Bandis. 
 
For the joints is selected the empirical mechanical Barton and Bandis joint model. This 
constitutive model was developed from joint shear data by Barton and the main 
advantage is that “describes the effects of surface roughness on discontinuity 
deformation and stress” (Itasca, 2014).  
This joint model, gives the opportunity to work with plastic behavior of materials. 
Moreover is possible the study the hysteresis as a result of successive Load/Unload 
cycles in rock (Itasca, 2014).  
Apart from mentioned at the beginning of this section, is it worthy to use it because it 
consider the damage of the fracture surface as well as the reduction of the fracture 
roughness due to shear (Blum, et al., 2009). 
The selection of the constitutive model has also to be supported by favorable boundary 
conditions. In the case of modelling, as it’s explained in the next section, the pressure is 
down below the minimum principal stress and because of that, the Coulomb Failure 
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Criterion is not a good option due to UDEC do not incorporate the option of the opening 
of new joints (Jung, 2013).  
The next list summarizes the empirical constants for Barton and Bandis joint model 
(Itasca, 2014): 
 = 	 !!			. 
# = ℎ 	 !!			 
% = 	&	%' !!( 	 )ℎ 
*% = 	*+)ℎ !!	% , 	 
-. = 	- )ℎ	/	!,  
), = 0,	,1	+	%' !!( 	 )ℎ 
2ℎ = * !3+	4) 		5, 
 
Of these empirical constants, and related to further results, the value for the joint normal 
stiffness is especially important because low value could cause overlap in the contacts 
of the blocks of the model. Zimmermann, J., (2012) points out that the joint normal 
stiffness should be around three times the value of the joint shear stiffness: 
 = 3	x	# 
 
(EQ 2) 
 
Apart from the possibility of contact overlap, those values are important due its close 
relation to the dynamics of the simulation. The shear displacements, target of this study 
because of its relation with the location of seismic events (Kohl & Mégel, 2007), are 
calculated by UDEC with the stresses, that at the same time depend directly on the Joint 
Normal and Shear Stiffness. 
After a first proposition with the basic angle of friction, the peak shear strength  (Barton 
& Choubey, 1977): 
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89 =	 · tan >*% · log BCD#EF G +	∅JK 
 
(EQ 3) 
 
As explained in Barton & Choubey, (1977) all the parameters that appear in this 
empirical formula can be obtained through field measurements or in the laboratory tests. 
Particularly the residual angle of friction (∅L), can be obtained with high precision. This 
parameter can be obtained with shear test with an error nearly to 1º. 
For the JRC, the first approximation could be done with a visual analysis together with 
the samples of the left figure in the Illustration 6 . On the other side, the graphic located 
at the right part of the illustration is a useful tool. It is required to introduce the 
roughness depth in millimeters and the length of the studied profile. The intersection 
guides to one of the values of JRC located at the right axes and compressed between 0 
and 20. 
 
  
Illustration 6 JRC (Barton & Choubey, 1977) 
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On the other hand, the joint wall compressive strength could be obtained with the 
Schmidt rebound hammer. It basically tests the hardness of rock on the surface.   
Besides these inputs, the model needs an initial mechanical aperture for joints. In the 
UDEC codes it is included together with all the parameters of the constitutive model. It 
could be estimated with the next formula presented by Long et al. (1982): 
 
		 = 200*%.			 O0.2 P%%. − 0.1Q 
 
(EQ 4) 
 
USC is the uniaxial compressive strength. 
With this formula, the user can set the state of joints at zero normal stress (Blum et al., 
2005). Should be specified, but if not, this will be calculated by the program (Itasca, 
2014). 
 
Illustration 7 Joint diagram with stress components and Shear displacement 
 
In the Illustration 7, a representation of a single joint is showed. In the top part the 
normal stress component is applied and in the left side “τ” shows the shear stress. 
However, the joint roughness coefficient (JRC) is used by UDEC through an empirical 
formula presented by Barton et al., (1985): 
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bT = bUV · 	 JRCZV,[ 
 
(EQ 5) 
 
With it, the program relates de mechanical aperture (/\ ) with the hydraulic aperture 
(/]  	Itasca, 2014b. 
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2.3.2.3 Boundary conditions 
For the hydraulic flow simulations the stress field introduced is a crucial step (Müller, 
2009). As far as de model which where the boundary conditions are implemented is 
scale-dependent the magnitudes must be introduced with certain units (Itasca, 2014). 
Before the borehole is done in the intact rock, the site has a natural stress state which is 
not uniform and it is determined by the geologic history. With the boundary conditions 
the user has the tools to reproduce this previous state of the potential site (Itasca, 2014). 
1. Stress tensor in 2D. 
2. σc  
3. Initial Pore pressure.  
4. Roller boundaries. The y-velocities are set to zero in the  x-contour.  
 
It is important to notice that even if the stresses are introduced by the “insitu” command 
the model is not in equilibrium (Itasca, 2014). To reach it is important before the fluid 
flow injection. This step is explained in the following section. 
The model developed reproduces a reservoir in 2D in the horizontal plane. With the aim 
to find the horizontal stresses, an approximation of the in-situ vertical stress is used. 
The vertical stress can be found as given by Jaeger et al., (2007); and Müller, (2009): 
σc = d ρz
c
.
· g · dz 
 
(EQ 6) 
 
For the density of the rock was accepted 2.65  hiUj  (Müller, 2009) and results 78 MPa at 
3000 meters depth reservoir. For the water, hydrostatic pore pressure of 1hiUj, 
incompressible fluid is assumed, and a hydrostatic gradient results of 9.8 MPa/Km. 
For having the stress values in the horizontal plane, due to a trans-tensional stress state 
in the North German Basin, the following minimalizing coefficients were adopted from 
Müller (2009), and Röckel, T. & Lempp, C, 2003:  
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σk = 1, 00 σl = 78 MPa  
σT = 0, 67 σl = 52, 2 MPa 
29= 0, 38 σl = 29, 6 MPa 
Notice that the coefficient for the maximum horizontal stress is 1, so at the end it is 
assumed that the vertical stress is equal to the maximum horizontal stress. This 
assumption is possible thanks to the characteristics of the Pull-Apart basin where the 
two relative bodies move parallel along the failure plane (Röckel, T. & Lempp, C, 
2003).  
The evolution of the effective hydraulic conductivity tensor as function of depth it’s 
been studied for this particular location by Müller, (2009) and previously in another 
emplacement by Blum et al., (2005). As conclusion, their studies show a non-linear 
contraction of joint aperture with depth. 
To be realistic and consequent with the potential site in northern Germany of the Solling 
formation, low values of stiffness and big depths must be used. This cause the sides of 
the blocks move too much if no constraints are applied. 
While dealing with this situation, the model has reached the equilibrium without fixing 
velocities in the boundaries but with unrealistically high values of stiffness. This could 
be done because, contrary to many discrete element programs, with UDEC the user has 
the option to apply stresses in the boundary without restrictions (Itasca, 2014). 
On the other hand, if the user makes use of a low value of stiffness but decreases the 
magnitude of the stress tensor acting in the model, it can also get to mechanical 
equilibrium.  
To sum up, the only way to perform the real reservoir with its in situ conditions is to fix 
one of the boundaries. But this condition, as warned by Itasca, (2014), makes the results 
of stresses and displacements to be underestimated. 
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An example application reproduced by Itasca concerning to fluid flow injection in a 
biaxial stress field (Itasca, 2014), applies the same boundary conditions but with the 
movement restriction in the four sides of the model. But this is not the only possibility. 
With the aim to reduce the impact of the fixed boundary, a far field or security zone is 
introduced as it has been done previously in the Large scale Model. This idea was first 
introduced by Jackson, et al., (2000) and handled and improved further by Blum et al., 
(2005) and Müller, (2009). 
The fact of introducing a security zone around the discrete fracture network receives the 
name of Boundary-Element boundary in the UDEC features.. A selection of the 
constitutive model and specification of the density, bulk and shear modulus is required. 
The Appendix A 1 presented in Itasca, (2014) shows the different effects of the 
boundary truncations to the same model. As could be observed the addition of this space 
in between the fracture network makes the model response to be more stable with the 
Illustration 8 Simple Model Boundary Conditions 
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stress applied in comparison to those cases where the stresses are applied right at the 
boundaries of the fracture network.  
 
 
 
 
 
 
 
 
 
 
 
 
 
UDEC also gives the possibility to make the limit of the model to act like a non-
permeable boundary (Itasca, 2014). This option could be valid for those cases where the 
presence of a lithology like the clay or for those cases where a human construction limit 
must be added. This is not the case of this model because the fluid flow is only 
circulating through the predetermined joints and the only response that could be waited 
with an impermeable limit is an increasing of the pore pressure free from dropping. 
The main limitation of the Simple Model is that due to its geometry, the stresses 
proportion fully compressive stress state. This gives the chance to generate Mode I 
rupture (compression-traction) what will never generate tensile fractures. The fractures 
generated with normal compression can lose the aperture easily and that means that the 
hydraulic conductivity is not enhanced. 
Illustration 9 Alternative Model Boundary Conditions 
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On the other side, the Alternative Model has its principle family of joints oriented 105 
degrees from the x-axis and the minor principle joint oriented nearly perpendicular to 
the first family of joints. This situation enables Mode II (slip-shear) rupture if the same 
magnitude and orientation of stresses as in the Simple Model is applied.  
This concept is developed widely in the Result and Discussion section.  
  
Illustration 10 Rupture modes (Carbas, 2008) 
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2.3.2.4. Solve 
With this step the intent is to reproduce the real state of nature before any human 
intervention, so the user needs to make stress and displacement to converge to a stable 
number showing that the medium is in equilibrium (Itasca, 2014). This is done in every 
kind of geologic or civil engineering plan and in this one specifically is done before the 
fluid injection but with an initial stress field introduced.   
 
For this operation the command used is “cycle” and the user must specify the number of 
calculation steps the program should do in order to achieve the equilibrium:              
(i.e) cy 1000. 
During the calculation steps, an over-impressed screen shows the calculation step, 
calculation real time and the unbalanced force (Itasca, 2014). This last value could be 
also plotted. Is important to keep a low value of unbalanced force because gives an 
accurate idea about how far the model is from the equilibrium. 
Once the running of the model has started, if there is any contact that is partially 
penetrating a block and so is not connected to edge of another block, will be deleted 
automatically. So there is no possibility to simulate a fracture network with non-
conducting fractures (Müller, 2009). 
As seen in the “Hydraulic fracturing simulation” test by Itasca, (2014), the solve 
command could be modified as: “solve force ‘f’ ratio 1E-06” and the maximum out-of-
balance force admitted will be ‘f’. Default is f = 100.   
Once the calculation steps are done, a message will appear over the screen advising of 
the end of the calculation. Then is time to plot the information registered in the history 
markers 2distributed along the model. 
Finishing this step with success is the only way to achieve correct results on the further 
stages. For it, the user should not satisfy if the plot shows a straight graphic line with the 
first cycle steps. The initial conditions should be introduced again and another number 
of cycles should be specified if an accurate plot of the parameters must be obtained.  
 
                                                          
2
 The history markers are the points of the model where the user wants or needs to get results. This point 
should be specified by adding the coordinates of the point interested in. (i.e) hist xdis 5.00, 5.00 
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At the end of the first command of cycle the stress is stabilized but the value differs a 
little to reality. The real number is reached with those different times the user should 
introduce the initial values and different cycle commands. 
For a general understanding of the problem, is it necessary to review the boundary 
conditions at this point. As far one side of the model is fixed, makes sense search for the 
mechanical equilibrium and stabilize the displacements. In such a case like the one 
described in Itasca, (2014 (c)) where the 4 boundaries are fixed it is applicable what it’s 
been defined by Elsworth, D. , et al., (1989): “Assuming full lateral restraint, no attempt 
is made to solve for stress equilibrium explicitly since displacement degrees of freedom 
are deliberately made redundant”. 
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2.3.3 Fluid flow injection 
The selection of the fluid type, transient or steady, is the first step in order to perform 
the injection. As explained by the Society of Petroleum Engineers (SPE International) 
the most accurate way to simulate the flow through the borehole is using transient flow 
conditions. 
Moreover for the injection is needed to implement a FISH function3. The user can create 
its own function. The one implemented in the model (Müller, 2009)  is: 
Def find_well 
Well_id=d_near (25.00, 25.00) 
End 
Find_well 
Its function is to locate the wellbore in the exactly point of the model. In my model in 
the second line of commands the coordinates (25.00, 25.00) have been replaced for the 
coordinates of the center of my model (5.00, 5.00). 
Apart from those commands is needed to set a maximum aperture for joints. This is 
crucial in terms to avoid geometry problems like commented before (Section 1.2 
“Building Geometry”).  
The joint permeability factor “jperm”, presented as function of the dynamic viscosity of 
water “µ”, should be introduced in the same command than the rest of variables of the 
constitutive model. 
s'  = 1/12μ 
 
(EQ 7) 
 
With a value of 1 · 10Zv for the dynamic viscosity relative to 20º the joint permeability 
resultant is 88,33 · 10w. 
No gravity is assigned because the model represents a model in the horizontal plane. 
                                                          
3
 FISH is the programation process avaible in UDEC. 
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A diagram chart is presented by (Kohl & Mégel 2007) in order to understand the 
computational process that is done by the software every time step. In his case he used 
the hydro-mechanical code HEX-S but is applicable for UDEC. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Illustration 11 Hydro-mechanical cycle process diagram. Based on Kohl & Mégel (2007) 
 
The values of flow rate have been a discussed input value for the model. From different 
articles based in real cases of stimulation like Jung, (2013) or Kohl & Mégel, (2007), is 
adopted that the flow rates used in the EGS vary between 35-70 liters per second. 
Finally the intermediate value of 50 liters per second (0.05	Ujx ) is used in the Simple 
Model with success even it introduces unbalanced force in the geometry. None casually, 
nearly 10.000 seismic events were registered in the Soultz-sous-Forêts site (Kohl & 
Mégel, 2007). 
For the Alternative Model, those simulations carried out with the realistic value of fluid 
flow ended with overlap of blocks. Due to that problem, a lower value was used: 100 
liters per minute (0.0016Ujx ) (Itasca, 2014). 
SHEARING AND OPENING OF 
FRACTURES  
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Few different responses of the model could be expected depending on the nature of the 
boundaries used. If the water can exit at the contours of the model, as happens in the 
Simple and Alternative Model, the pore pressure should follow a relation with the flow 
injection. On the other hand, in case of using the mentioned before impermeable 
boundaries and so the water cannot escape, the pressure in the inside of the model 
should increase till the end of the injection free from dropping. 
Although the criterion of Barton and Bandis is implemented in the code a useful visual 
description of the mechanical effect of this increase of pore pressure is given by the 
Mohr-Coulomb criterion: 
 
The increase of pore pressure in the joints makes the major and minor effective stresses 
to decrease and propitiates the displacement of the circle to the failure envelop 
described by internal friction angle of 30º.  The failure envelope for Mohr-Coulomb 
criterion has the following expression presented in (EQ 8) where such parameters like 
JRC and JCS are missing from Barton and Bandis criterion. 
Illustration 12 Mohr Coulomb criterion scheme 
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8 = tan ø      (EQ 8) 
 
It is noticed that high fluid flows injected could make to reach a negative value of 
normal stress (Müller, 2009). 
With the increase of pore pressure in the joints, less shear stress is needed to cause shear 
displacement (Nagel, 2013). If the traction force of the rock joint is overpassed the 
blocks can gradually start sliding (Müller, 2009).  
Additionally, a criterion for the slip to occur is given by Baisch, et al., (2010) relating 
shear and normal stresses with the coefficient of friction (μ): 
τ
σz > μ 
 
(EQ 9) 
 
This criterion is followed by the conclusion that slipping process increases the hydraulic 
permeability of joints. 
The seismic events registered after hydraulic stimulation often follow the fracture 
surface 
To have an approximation of the magnitude of those events is given the next formula 
(Baisch, et al., 2010): 
|. = }	4	3 (EQ 10) 
 
Where |. is the magnitude, G is the shear modulus, “A” is the area of the planar 
structure and “d” the displacement.  
The next graphic represents the connection between the increase of pore pressure and 
the quantity of daily seismic events. 
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Illustration 13 Relation between pore pressure oscillations and seismic events per day by (Baisch, et al., 2010) 
 
As the stimulation of the rock mass joints increase traduced in the pore pressure growth, 
the maximum number of induced seismic events should be expected to arrive with the 
peak levels of flow rate.  
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3 Results and discussion 
3.1 Discrete fracture network. Geometries 
3.1.1 Large Model 
With this geometry, different difficulties have been faced: 
1- Long computational time. The data file containing the list of cracks needs 3 days 
to import with computer with the following characteristics (8 GB RAM (3,49 
usable) and Intel(R) Core 760 2.8 GHz ). On the other hand, needs twelve days 
with a computer with (2 GB RAM and 2.8 GHz Core). 
The memory allocation used by the program can be enhanced through the 
command “set memory”. That was done and the memory of the computer used 
for the UDEC was upraised till the maximum: 2048.00 Mbytes. It is important to 
understand the computational mechanics of the process. Increasing the memory 
allocation in the computer does not have a direct relation to that the calculations 
steps or import of files will be done faster. The computer also needs a good core 
system to develop its calculations faster. 
This large file was also tried to import out of the Graphic Interface for Itasca 
Codes (GIIC) in order to reduce the computational time. Once this option failed 
the big crack data file was split in many other small files with the intention of 
importing one by one but it did not work either. 
2- Shut down of the program after 4 or 5 cycles in the mechanical. The problem 
with this stage of the simulation is that no error message is overprinted in the 
screen and the user doesn’t know where the problem lays on exactly.   
3- Contact overlap too great. “Use of problem geometries in which one block 
contacts many (more than 3) other blocks on one side” (Itasca, 2014). This error 
message appears after 3 or 4 cycles of calculation. 
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Big difference in the size of blocks could cause overlap between them. So, one 
of the main purposes for a safe geometry, is to keep a low contrast in the size of 
blocks.  
 
 
 
 
  
Illustration 14 Large Model. Zoom of the Discrete Fracture Network. Cause 
of the Block Overlap 
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3.2 Fluid injection 
3.1.2 Simple Model 
3.1.2.1 Mechanical Equilibrium 
This simplified model represents a potential site located at 3000 meters depth. In order 
to simulate an appropriate in-situ stress field, high values for the stress components 
must be applied. 
On the other hand, as previously explained in the section 2.2.2.4 (Solve), with the aim 
of observe the response to the fluid injection, the model is cycled as many calculation 
steps as needed to reach a constant value of stresses and displacements.  
In the next Illustration 15, an example of stabilization of the stress in the x direction is 
shown. The number of calculation steps needed in this case is quite high due to the 
stress field applied.  
 
Illustration 15 XX-STRESS is plotted (y-axis) against TIME represented with number of cycles (x-axis)  
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For being able to run this calculation is needed to restraint the displacement of the 
blocks in the perpendicular direction, of at least, one of the boundaries of the discrete 
fracture network. This is done fixing de velocity to a value of zero in the required side 
of the model. This boundary condition has been studied by Itasca,  and as a sum up this 
boundary conditions affects the results underestimating the in-situ stresses and 
displacements but on the other side is needed because if not, the relative displacement 
between blocks is too big. When this happens in the model, the error message: “Contact 
Overlap too Great” appears and the calculation steps cannot go forward and arrive to 
equilibrium. 
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3.1.2.2 Hydro-mechanical Stimulation 
Once the model is in equilibrium, it is proceed to stimulate the joints with the water 
injection. The value of flow rate injected is 50 liters per second and is introduce as a 
transient flow. This is a common value used in real stimulation sites.  
To observe the consequence of the injection, a monitoring of the evolution of the pore 
pressure is done in different control points located in the joints of the model.  
As an example, Illustration 16 shows the evolution of pore pressure and flow rate in a 
point located in the intersection of the E-W joint with the boundary of the model. As 
could be seen, the pore pressure initial value is 29, 43 MPa, as specified together with 
the stress values in the boundary conditions.  
 
 
 
Illustration 16 Simple Model. Evolution Pore Pressure during 10 seconds of injection. Flow rate: 50 
liters per second 
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The observation with the time perspective shows a coupled behavior between these two 
magnitudes. On the other side, the nature of the process indicates that there is not a 
direct proportional relation. The graphic obtained with the Simple Model shows that a 
rise of 66% in the flow rate causes a 34% increase of pore pressure. In previous studies  
(Kohl & Mégel, 2007)  carried out with field data has been obtained a relation of 
approximately a change of 70% in the flow rate can produce a variation of 30% in pore 
pressure.   
 While treating with non-porous medium and the condition that the fluid flow can only 
circulate through the joints, makes the pore pressure measured to be highly affected by 
the flow rate injected.  
The Illustration 17 shows a preferential aperture of the Est-West fracture with values 
that oscillate between 180 and 230 micrometers. 
 
Illustration 17 Simple Model. Joint hydraulic aperture map (flow rate 0.05 		~ ) 
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The applied in-situ stress field proportion almost fully compressive conditions with a 
higher value of normal confinement to the North-South joint than in the East-West joint. 
That makes the model to have different behavior for each of the joint families. 
If treating with an improbable real case with this geometrical distribution, the aperture 
registered right after the injection, would not contribute to enhance for real the hydraulic 
conductivity due to it is produced by mode I rupture. Not in vain in real sites which this 
problem could be faced, in order to keep the joints opened, a filling propane gas is 
entered.   
 
3.2.2 Alternative Model 
3.2.2.1 Mechanical Equilibrium 
Following the same procedure as in the Simple Model, the first step with the Alternative 
Model is to reach the equilibrium state. The graphic below shows how the values of the 
stresses in the two directions converge to a constant number after certain cycles of 
calculation. Negative stress values indicate compression. 
 
Illustration 18 Alternative Model. Reach of mechanical equilibrium. Both values for yy-stress and xx-stress start in 
those values applied in the boundary conditions and on the way forward with the simulation converge to a final 
value. 
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As shown in Illustration 19, the joint normal stress has two different values 
depending on the family of joints it is registered. On one side, the primary family 
of joints has a range of high values compressed from 33 to almost 50 MPa. On the 
other, the secondary family of joints, oriented nearly parallel to the major 
principal stress direction, has a range of lower values that goes from 16 to 33 
MPa.   
 
 
 
 
Illustration 19 Normal stress in Joints 
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3.2.2.2  Hydro-mechanical Stimulation 
The fluid flow introduced migrates to less pressured zones in comparison to the 
wellbore and it does it following the principal paths that it finds. The field stress marks 
where the aperture is easier to enhance. 
It is important to notice the relevant paper of those joints that intersect the wellbore. If 
no one of the secondary (E-W) family of joints intersects, the fluid will migrate easily 
through the principal joints.   
The pore pressure development in a geological discontinuity plays a key role in the 
dynamics of rock mass. To enhance the hydraulic connectivity is important to generate 
tensile fractures, not only longitudinal fractures, because are those which will contribute 
to increase the permanent permeability.  
 As observed with different simulations, if a higher friction angle is introduced within 
the constitutive model, a major initial shear resistance is given to the joints. That would 
cause the reduction of big shear displacements. For making a precise evaluation of the 
fluid injection response, the value of the friction angle is important 
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Study of Pore Pressure development in Alternative Model: 
 
Transient Flow Rate: 0.0016 m
3
s
 
Simulation Time: 50 ms 
 
 
 
Illustration 20 Alternative Model. Pore pressure development with asymmetric geometry 
 
The illustration above shows with an extreme asymmetric geometry case where the pore 
pressure after extending in the main principal joint that intersects the wellbore, extends 
the East side of the image through secondary joints. 
The Appendix A , shows a comparative pore pressure development in different 
geometries. In this reduced scale model, the number of joints intersecting the wellbore 
can define the direction of pore pressure development. Besides, the intersection or a 
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relative close position of the secondary family of joints to the wellbore facilitates the 
income of flow through it. 
In this part of the section a study of particular joint of the Alternative Model is shown.  
Four control points are selected increasing almost linearly the distance to the borehole 
to provide a time-spatial idea of the evolution of the flow.  
The pore pressure and the shear displacement are shown during the time injection:  
Transient Flow Rate: 0.0016 U
j
x  
Simulation Time: 28 ms 
 
 
 
Illustration 21 Single joint analysis from the Alternative Model. Pore pressure increasing in control points at a 
different distance of the injection borehole 
 
The pore pressure increase nearly linearly in this phase of the simulation reaching 44 
MPa in the control point that is closer to the injection.  
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Illustration 22 Single joint analysis from the Alternative Model. Shear displacement in the same control points as 
the previous Illustration 
 
The shear displacement, differing from the pore pressure, increase non-linearly during 
this first stage of simulation. Notice that as the control points are located to more 
distance of the injection, the irregularity of the shear displacement is attenuated. That is 
caused by the regime of the incoming flow through the borehole.    
The Appendix A  characterizes the joints as dextral (right lateral) or sinistral (left 
lateral) depending on the direction of the displacement. Furthermore the Appendix A 5 
shows the values of the graphics represented in the illustrations 21 and 22. 
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Study of joint aperture with the Alternative Model: 
Transient Flow Rate: 0.0016 m
3
s
 
Simulation Time: 50 ms 
 
As is showed in the previous Illustration 19, the normal stress is bigger in the principal 
family of joints and minor in the secondary. This fact makes the joints to open easier 
when the pore pressure is raised due to the fluid flow injection. 
Confined by the dashed line is the zone with more probability to achieve apertures 
taking into account two factors: the stress field and the geometry.  The local stress field 
influences the propagation of joint apertures (Shapiro et al., 2006) (Dinske et al., 2010) 
which at the same time are limited by the geometry of the fracture network (Blum et al., 
2005) (Xu, H. et al., 2014).  
Illustration 23 Alternative Model. Joint hydraulic apertute map 
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On the other hand, an input parameter that is quantitative important in that scheme is the 
commented before in the constitutive model section JRC (joint roughness coefficient). 
Joints where the coefficient adapted is a high value of roughness will have major 
hydraulic conductivity than those with smoother contacts (Blum et al., 2005). 
To be realistic with the final zone damaged by the hydraulic stimulation, the new 
fractures propagation should be taken into account. A propagation model is presented 
by Jung, (2013) where a wing-crack rupture is defined for the mechanism that slightly 
opens the rock in the fracture direction. Little by little this crack change orientation till 
gets to maximal horizontal stress direction. This length growth is stable while the σv 
(σ]	 with the Alternative Model nomenclature) is not overtaken by the pore pressure. 
This explanation cannot be performed by UDEC because it only allows the stimulation 
of predefined contacts of blocks (Riahi, A. & Damjanac, B, 2013).  
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3.3 Induced seismicity 
 
The microseismicity is a product of the increasing pore pressure in a particular joint. 
Previous studies (Kohl & Mégel, 2007) (Sasaki, 1998) also relates quantitate of seismic 
events produced with the variation.  
The geometry in the horizontal plane is not considered a big limitation for the 
evaluation of the seismic activity because the seismic cloud has long lateral extension 
compared to the vertical width (Dinske et al., 2010). 
From the previous Illustration 23 it is summarized that the aperture path is prone to 
open in the direction of maximum horizontal stress (Sasaki, 1998) and this is done 
through previously created joints (Dinske et al., 2010) 
 
 
Is interesting to notice that the energy produced by the shear displacement, is 
transformed on earthquake stimulates the rock once the fluid injection is finished.  The 
main process that controls the new permeability is the re-stimulation of fractures that 
were previously opened by natural circumstances. 
Moreover, notice that after the fluid injection, if propane is not injected in order to keep 
the fractures opened, they could probably close again. (Dinske et al., 2010). 
 
Illustration 24 Seismic events distribution. Modified from (Dinske et al., 2010) 
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4 Conclusions  
 
After the simulations of the injection of high pressure fluid carried out with UDEC, and 
the building of two different geometrical models representing the potential site of the 
North German Basin, the next conclusions have been extracted.   
The Simple Model it has been used to describe the coupled behavior between the flow 
rate injected and the pore pressure of the joint. It has been concluded that a rise of 66% 
of flow rate cause an increase of 34% of the pore pressure. The validity of this result it’s 
been contrasted successfully with the field measurements done in the Soultz-sous-Forêts 
reservoir. 
Furthermore, the pore pressure development observed in the Alternative Model shows 
the significant importance of the geometry of the fractures in the possible flow paths. It 
has been observed that the flow follows at first instance the primary family of joints and 
after, takes advantage of the stress field and follows the secondary family of joints, 
which is nearly parallel oriented to the major principal stress. 
The joint hydraulic aperture maps, evidence the influence of the local stress field on the 
aperture, which follows the direction of the maximum horizontal stress.  The mentioned 
aperture can only be permanent in a real site if it is produced by shear displacements of 
joints. 
During the modelling process, it has become clear the importance of the selection of a 
correct geometry. Importing large data files describing the coordinates of a discrete 
fracture network can imply long computational time depending on the characteristics of 
the computer used. 
For a discrete element method scenario, in order to avoid block overlap, it is important 
to keep low contrast in the size of blocks as well as to maintain low stiffness variability. 
By the way, the use of a far field is a useful method to keep low the impact of the 
boundary conditions. 
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4.1 Way forward 
 
The fact of using a program able to model in 3D will be a significant advantage while 
we are simulating conditions of depth sites. With the use of a 2D plane, the vertical 
stress gradient is not being taken into account.  
Furthermore, notice that longer simulations are needed in order to get closer to 
hydraulic simulations campaigns in real sites that could take weeks.   
The program used in this work only allows the flow to circulate with firstly created 
joints. Due to that limitation is not able to reproduce completely the nature of the 
stimulation process. Although UDEC makes possible an accurate description of the 
geometry of the reservoir, another target for future studies, is to work with a program 
that makes possible the creation of new joints as a product of the hydraulic stimulation.   
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Appendix A 
A.1 Boundary conditions effect 
 
 
Appendix A 1 Boundary truncations effects for UDEC models (Itasca, 2014) 
 
This graphic by UDEC provides a valuable comparative of the effect that causes the use 
of with different boundaries (stress, fixed or BE boundary). As far as the ratio between 
the object size and the boundary size increases, the affection difference of the stress 
decreases.  
In the models given in this job, one fixed boundary is selected (see explanation in 
Appendix A 2) even this causes the stresses to be underestimated.  
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A.2 Blocks rotation 
 
 
Appendix A 2 Relative displacement and rotation of blocks of the SIMPLE MODEL due to non-fixed velocities in 
the boundary. 
 
This is one of the consequences of let the boundary unfixed. In this case the blocks 
overlap lightly and get spin. Overprinted are shown the movement vectors showing with 
its color and size the magnitude of the displacement. 
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A.3 Comparative pore pressure development  
 
Appendix A 3 Pore Pressure development in models with different geometry defined 
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A.4 Direction of displacement 
 
 
Appendix A 4 Shear displacement sign 
  
The shear displacement of joints receives a sign depending on the direction of 
movement. Principal family of joints move dextrally (positive sign for UDEC) and 
secondary family of joint sinisterly (negative). 
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A.5 Tables. Joint analysis  
 
 
  PORE PRESSURE (MPa)   
time Control Point 2 Control Point 3 Control Point 4  Control Point 5 
1.88E-03 2.94E+01 2.94E+01 2.94E+01 2.94E+01 
3.76E-03 2.95E+01 2.94E+01 2.94E+01 2.94E+01 
5.50E-03 3.00E+01 2.95E+01 2.94E+01 2.94E+01 
7.23E-03 3.10E+01 2.97E+01 2.94E+01 2.94E+01 
8.96E-03 3.20E+01 3.03E+01 2.94E+01 2.94E+01 
1.07E-02 3.31E+01 3.13E+01 2.95E+01 2.94E+01 
1.24E-02 3.41E+01 3.25E+01 2.97E+01 2.95E+01 
1.42E-02 3.54E+01 3.37E+01 3.01E+01 2.95E+01 
1.59E-02 3.68E+01 3.48E+01 3.08E+01 2.97E+01 
1.76E-02 3.79E+01 3.59E+01 3.19E+01 3.02E+01 
1.93E-02 3.90E+01 3.72E+01 3.32E+01 3.09E+01 
2.11E-02 4.00E+01 3.84E+01 3.45E+01 3.20E+01 
2.28E-02 4.13E+01 3.96E+01 3.57E+01 3.33E+01 
2.45E-02 4.22E+01 4.07E+01 3.68E+01 3.46E+01 
2.63E-02 4.25E+01 4.18E+01 3.80E+01 3.59E+01 
2.80E-02 4.35E+01 4.26E+01 3.92E+01 3.71E+01 
 
  
SHEAR DISPLACEMENT (m) 
 time Control Point 2 Control Point 3 Control Point 4 Control Point 5 
1.88E-03 1.88E-05 7.31E-06 3.72E-06 1.30E-06 
3.76E-03 3.92E-06 1.32E-06 2.38E-06 1.13E-06 
5.50E-03 6.50E-06 -1.10E-06 2.16E-06 8.28E-07 
7.23E-03 3.17E-05 -2.70E-06 7.57E-07 -3.15E-07 
8.96E-03 3.93E-05 -4.41E-06 1.04E-06 2.33E-07 
1.07E-02 3.89E-05 4.24E-06 1.46E-06 -2.69E-07 
1.24E-02 3.29E-05 1.90E-05 9.07E-06 2.99E-06 
1.42E-02 6.02E-05 2.53E-05 1.28E-05 1.71E-06 
1.59E-02 3.39E-05 4.03E-07 1.44E-05 1.09E-06 
1.76E-02 6.14E-05 9.89E-06 1.24E-05 -4.56E-06 
1.93E-02 6.27E-05 4.41E-05 2.34E-05 2.01E-06 
2.11E-02 1.17E-04 2.93E-05 2.61E-05 2.38E-06 
2.28E-02 1.10E-04 4.82E-05 2.89E-05 2.50E-06 
2.45E-02 1.06E-04 4.98E-05 3.15E-05 3.39E-06 
2.63E-02 1.01E-04 5.95E-05 3.75E-05 5.94E-06 
2.80E-02 1.20E-04 5.41E-05 3.46E-05 4.22E-06 
 
Appendix A5 Tables indicate the pore pressure and the shear displacement in the control points fixed for the 
analysis of one principal joint. 
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Location of the history markers or the control points for the joint analysis of the shear 
displacement together with the pore pressure in the Alternative Model. From red to 
green the distances to the centered borehole are increased and they keep almost 
equidistance from each other. 
  
Appendix A 5 Location of the control points selected for the principal joint analysis 
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A.6 Table for Coupled Behavior  
 
Time (s) 
Pore Pressure 
(Mpa) Flow Rate (m3/s) 
4.36E-03 2.94E+01 -4.33E-10 
1.12E-01 3.28E+01 -3.14E-04 
3.64E-01 3.27E+01 -2.99E-04 
4.16E-01 2.96E+01 -5.68E-06 
4.95E-01 2.69E+01 8.07E-05 
6.14E-01 2.69E+01 2.45E-04 
7.35E-01 2.65E+01 1.23E-04 
8.59E-01 2.95E+01 9.04E-05 
9.91E-01 3.54E+01 -1.87E-05 
1.10E+00 3.88E+01 -1.27E-04 
1.21E+00 3.84E+01 -1.81E-04 
1.32E+00 3.41E+01 -1.90E-04 
1.44E+00 3.20E+01 -1.41E-04 
1.49E+00 3.40E+01 -9.28E-05 
1.58E+00 3.11E+01 2.72E-05 
1.69E+00 2.92E+01 1.33E-04 
1.79E+00 2.81E+01 2.47E-04 
2.11E+00 3.12E+01 5.90E-05 
2.68E+00 3.49E+01 -1.21E-04 
3.24E+00 3.21E+01 -4.46E-05 
3.81E+00 2.97E+01 1.20E-04 
4.38E+00 3.01E+01 7.68E-05 
4.95E+00 3.35E+01 -5.63E-05 
5.51E+00 3.22E+01 -7.10E-05 
6.08E+00 3.16E+01 1.19E-05 
6.65E+00 3.13E+01 3.41E-05 
7.22E+00 3.19E+01 -2.74E-05 
7.78E+00 3.41E+01 -1.26E-04 
8.28E+00 3.50E+01 -5.78E-05 
8.76E+00 3.45E+01 -3.94E-05 
9.16E+00 3.71E+01 -1.67E-04 
9.25E+00 2.39E+01 -1.29E-04 
 
Appendix A 6 Table compilation of the pore pressure and the flow rate values registered with a history marker at 
the intersection of one joint with the boundary of the simple model. Coupled behavior shows that an increase of 
66% cause the pore pressure raise 34%. 
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Appendix B  
B.1 Alternative Model Code for UDEC 
 
In this last part of the memory, the code developed for the Alternative Model is 
attached. Those phrases that start with point and semicolon “;” are phrases for clarifying 
the script and those without semicolon are the ones read it by the program. With bold 
writing are emphasized the key steps for the generation of the model. 
 
;Project Record Tree export 
;File:ALTERNATIVE_MODEL.dat 
;Units: SI: m-pa-kg-s; 
Title: ALTERNATIVE FARFIELD 
;Branch 1:AF_Geometria.sav 
;CONFIGURATION 
config tflow 
;GEOMETRY 
round 0.05 
edge 0.1 
block -40,-40 -40,50 50,50 50,-40 
cr 0,-40 0 50 
cr 10,-40 10,50 
cr -40,0 50,0 
cr -40,10 50,10 
tunnel 5 5 0.2 8 
jset angle 105 spacing 1.5 origin 6.3,0 range 0 10 0 10 
jset 16,10 0.39,0 0.1,0 0.54,0 0,0 range 0 10 0 10 
del range ann 5 5 0 0.2 
;DRISCRETIZATION DFN 
gen e 1 range 0 10 0 10 
; DISCRETIZATION FARFIELD 
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gen e 3 range -40 0 -40 50 
gen e 3 range 0 50 10 50 
gen e 3 range 10 50 -40 10 
gen e 3 range 0 10 -40 0 
;CONSTITUTIVE .MODEL 
;RANGE BLOCK 
group zone 'User:Elastic_Guillem' range -40 50 -40,50 
;PROPERTIES ROCK MASS 
zone model elastic density 2650E-6 bulk 10.55E3 shear 7.92E3 range group & 
 'User:Elastic_Guillem' 
;RANGE JOINTS 
group joint 'User:BB_Guillem' range angle -95.0,95.0 
;PROPERTIES OF JOINTS 
joint model bb jcso 88.6 jks 6.79E3  jkn 16.29E3 jrco 11.2 lo 0.1 phir 30 & 
 sigmac 125 jperm 218e6 ares 2E-5 azero 1e-04 range group 'User:BB_Guillem' 
;CYCLES FOLLOW DIFFERENT PATHS. (IF OFF, NO JOINT DAMAGE) 
jhist on 0.1 
;NEW CONTACTS WILL BE BB 
set jcondf joint model bb jcso 88.6 jks 6.79E3 jkn 16.29E3 jrco=11.2 lo=0.1 & 
 phir=30 sigmac=125 jperm 218e6 ares 2E-5 azero 1e-04 
;PREVENTS UDEC FROM DELETING CONTACTS 
set delc off 
; BOUNDARY CONDITIONS 
boundary stress -78.0, 0.0 -53.0 
bound pp=29.43 
insitu stress -78.0 0.0 -53.0 pp=29.43 
;LOWEST BOUNDARY FIXED. X AND Y VELOC = 0 (must be done after apply boundary 
stress. (Itasca,2014) & (Zimmermann, J. 2012) 
;bound xv 0 range -0.1 0.1 -1 11 
:bound xv 0 range 9.9 10.1 -1 11 
:bound yv 0 range -1 11 9.9 10.1 
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bound yv 0 range -40 50 -40.1 -39.9 
; OVERLAP TOLERANCE OF BLOCKS 
set ovtol=0.1 
; HISTORY MARKERS 
;PORE PRESSURE 
hist pp 5 10 
hist pp 10 5 
hist pp 5 0 
hist pp 0 5 
hist pp 5 5 
;X & Y DISPLACEMENTS 
hist xdis 5 5 
hist xdis 5 6 
hist xdis 6 5 
hist xdis 5 10 
hist xdis 10 5 
hist xdis 0 5 
hist xdis 5 0 
hist ydis 5 5 
hist ydis 5 6 
hist ydis 6 5 
hist ydis 5 10 
hist ydis 10 5 
hist ydis 0 5 
hist ydis 5 0 
;STRESS TENSOR 
hist sxx 5 5 
hist sxx 7.5 5 
hist sxx 5 2.5 
hist syy 5 5 
hist syy 2.5 5 
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hist syy 5 7.5 
;UNBALANCED FORCE OF THE MODEL 
hist unbal 
save AF_Geometria.sav 
;Branch 2:AF_Mechanical_Equilibrium.sav 
; CALCULATION STEPS TO EQUILIBRIUM 
cy 10000 
; 
ini xd 0 yd 0 xv 0 xv 0 range 0 10 0 10 
ini sxx -78 range 0 10 0 10 
ini syy -53 range 0 10 0 10 
ini szz -78 range 0 10 0 10 
; 
cy 5000 
; 
ini xd 0 yd 0 xv 0 xv 0 range 0 10 0 10 
ini sxx -78 range 0 10 0 10 
ini syy -53 range 0 10 0 10 
ini szz -78 range 0 10 0 10 
; 
cy 5000 
; 
ini xd 0 yd 0 xv 0 xv 0 range 0 10 0 10 
ini sxx -78 range 0 10 0 10 
ini syy -53 range 0 10 0 10 
ini szz -78 range 0 50 0 50 
; 
cy 5000 
; 
ini xd 0 yd 0 xv 0 xv 0 range 0 10 0 10 
ini sxx -78 range 0 10 0 10 
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ini syy -53 range 0 10 0 10 
; 
save AF_Mechanical_Equilibrium.sav 
 
;Branch 3:ftime.01 
reset hist time disp jdisp rot 
; HISTORY MARKERS 
;MONITORING PORE PRESSURE 
hist pp 5 5 
; JOINT ANALISIS 
;CONTROL POINT (2) 
hist pp 5.15 4.4 
;CONTROL POINT (3) 
hist pp 5.36 3.50 
;CONTROL POINT (4) 
hist pp 5.57 2.71 
;CONTROL POINT (5) 
hist pp 5.6 2.6 
;CONTROL POINT (6) 
hist pp 5.80 1.85 
;SHEAR DISPLACEMENT 
;(2) 
hist sdis 5.15 4.4 
;(3) 
hist sdis 5.3 3.8 
;(4) 
hist sdis 5.49 3.03 
;(5) 
hist sdis 5.61 2.57 
;(6) 
hist sdis 5.80 1.85 
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; FLUID 
;MAXIMUM HYD APERTURE; 100 TIMES RESIDUAL APERTURE 
set caprat 100 
; 
;NO GRAVITY IS NEEDED: WORKING ON HORIZONTAL PLANE 
;set gr 0 -9.81 
;USE ONLY FLUID DENSITY WHEN GRAVITY IS ACTING 
;fluid dens=1E-3 
; 
;TRANSIENT FLOW 
set flow transient 
set dtflow=0.05 voltol=1e-4 maxmech=1000 
; 
;PRESSURE NOT CONTROLED IN THE DOMAIN WITHIN RANGE 
pfree range 4.5 5.5 4.5 5.5 
; 
;FISH FUNCTION (to situate the wellbore) 
def find_well 
well_id=d_near (5.00,5.00) 
end 
find_well 
; 
;WELL INJECTION 
;100L/min = 0.0016 m3/s 
well dom well_id flow 0.0016 
;50 l/s = 0.05 m3/s 
;well dom well_id flow 0.035 
; 
;CALCULATION STEP 
; 0.01 seconds 
step ftime 0.01 
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save ftime.01 
 
;Branch 4:ftime2.sav 
step ftime 0.01 
save ftime2.sav 
 
;Branch 5:ftime3.sav 
step ftime 0.01 
save ftime3.sav 
 
;Branch 6:ftime4.sav 
step ftime 0.01 
save ftime4.sav 
 
;Branch 7:ftime5.sav 
step ftime 0.01 
save ftime5.sav 
;WRITE & EXPORT OF HISTORY MARKERS  
;hist write 2 ppdevelopjoint2.his 
;hist write 3 ppdevelopjoint3.his 
;hist write 4 ppdevelopjoint4.his 
;hist write 5 ppdevelopjoint5.his 
;hist write 7 sdis2.his 
;hist write 8 sdis3.his 
;hist write 9 sdis4.his 
;hist write 10 sdis.his 
 
 
 
